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In the past two decades much effort has gone into the fabrication and application of nanoscale electrodes (NSEs), i.e. electrodes with at least one dimension in the sub-100 nm regime, for both the quantification of fast electron transfer (ET) kinetics [1] [2] [3] [4] [5] [6] and electroanalysis. 4, 7 The most popular NSEs are based on tapered or etched metal wires encapsulated by a variety means to produce disk or conical electrodes. 2, [8] [9] [10] [11] [12] While attractive in principle, the accuracy with which these NSEs can be used depends on microscopy characterization of the electrode geometry.
This has often proved difficult due to the nanoscale dimensions of the electrodes, the presence of a large insulating coating and the fact that they do not reside on a planar substrate. In these instances, NSE dimensions tend to be estimated from limiting current measurements, but this may not inform on the precise electrode geometry or dimensions. In the worst cases, kinetic data obtained on illdefined NSEs may be miscalculated by an order of magnitude. 13, 14 A major further drawback in the use of etching and sealing techniques for the fabrication of NSEs is the inherent variability in the electrode geometry and quality of electrode-insulator seal, for electrodes apparently produced using the same fabrication conditions. Thus, electrodes of this type are made by trial and error and many procedures may be of low yield. The use of lithographic processing techniques to fabricate NSEs on planar substrates provides more control over electrode geometry and NSEs are more amenable to high resolution quantitative microscopic analysis, 15 however resist contamination is always a possible issue.
In this article we demonstrate a simple approach for the fabrication of nanowire (NW) electrodes (< 100 nm in height), of a controllable dimension, based on metal templated singlewalled carbon nanotubes (SWNTs) 16, 17 and pristine SWNTs electrodes in their native form produced on an insulating support. Based on studies of related nano-band electrodes, 18, 19 the NW structure is an interesting electrode geometry for electrochemical measurements due to the high intrinsic diffusion rates, associated with the small width (thickness) dimension, coupled with the high currents which flow (under potential control) as a result of the large length dimension. 18, 19 NW dimensions can be accurately characterized using high resolution microscopy and thus employed for quantitative voltammetric ET kinetic studies. While lithographically fabricated SWNT devices have been described, 20 photoresist contamination on the surface, causing partial blockage of the electrode, was identified as an issue. 21 The approach used herein avoids the need for photoresist or processing of electrodes, ensuring electrode integrity, and allows for the production of multiple electrodes which can be addressed quickly and easily using the microcapillary electrochemical method (MCEM). ( Figure 2(a) ) for the electrodeposition of Pt, Pd and Au on SWNTs. For these studies randomly orientated two-dimensional SWNT networks 23, 24 were used to amplify the electrochemical current, by assessing multiple nanotubes confined within the small area. 22, [24] [25] [26] Solution-filled microcapillaries with an inner diameter of 80-85 µm, containing a counter/reference electrode, were employed to form the electrochemical cell for MCEM. As can be seen in Figure 2 (a), electrodeposition of Au starts much earlier (ca. +0.35 V versus Ag|AgCl) than Pt and Pd (ca. 0 V).
However, for the case of oxygen reduction, Au is significantly less electrocatalytic than Pt or Pd as evidenced by the onset of oxygen reduction at potentials more negative than -0.4 V.
To deposit metal NWs a potential pulse technique was used, with the aim of maximising the surface coverage of nuclei on the SWNT sidewall, by both applying a high driving electrodeposition potential and keeping the pulse duration short to confine nuclei diffusion fields. 25 Between each pulse the system was returned to open circuit and a wait time of 10 s employed. In this study, the optimal potential/time conditions for the three metals were −0.45 V using 5 ms pulses (Au NWs, for Pt, as Pt nucleation on SWNTs is known to be kinetically slower, 22 compared to Pd 22 and Au. 25 The number of potential pulses employed directly influenced the size of the resulting NWs, as illustrated by the field-emission scanning electron microscopy (FE-SEM) images shown in Figure   2 (c). FE-SEM revealed the deposited NWs to be contiguous and polycrystalline in nature. It is important to note that the use of a photoresist-free protocol is essential for the electrodeposition of contiguous NWs. For comparison with the approach herein, we created SWNTs that had been processed with the photoresist, similar to previously demonstrated SWNT devices, 20 which was then removed as effectively as possibly. Photoresist contamination was found to impact significantly on the nucleation density, resulting in a reduced number of nuclei when using the same electrodeposition procedures, as shown in Supporting Information 1 (SI-1). This is not surprising, as photoresist contamination of SWNTs impedes or blocks electron transfer. 20, 21 Both optical microscopy ( Figure 2 (b) and FE-SEM (Figure 2(c) ) revealed the Pd and Au NWs (produced as described) to be continuous for~1 mm in length. In contrast, the Pt NWs were continuous for only~300-400 µm, most likely resulting from the slower nucleation kinetics. At longer distances, distinct metal nanoparticles (NPs) were observed. This behaviour can be attributed to ohmic drop along the length of the SWNT, 16, 27 which results in a reduced driving force for electrodeposition at further distances from the Au band contact.
A representative AFM image of an Au NW of height ca. 70 nm, fabricated using a sixteen potential pulse program is shown in Figure 3(a) . For Au, the smallest contiguous NW that could be produced was 34 ± 5 nm (in height), which is smaller than previously reported electrochemical methods for metal NW formation. 17, 28 For Pd and Pt the smallest NWs (in height) were 36 ± 7 nm and 32 ± 5 nm respectively. Voltammetry at NWs. Among the three electrodeposited metal NWs, Au generally exhibits the widest potential window in aqueous solutions and shows less voltammetric features for surface processes over a wide potential range. 29 Polycrystalline Au NWs were thus selected for further electrochemical studies of redox reactions of dissolved species, using the MCEM set-up. 16, 25 Using MCEM, solution (confined by the microcapillary) is positioned over an area of the NW of interest (connected as a working electrode) and an electrochemical measurement is made. This approach has several advantages: (i) the area of interest does not need to be electrochemically isolated from solution using photoresist materials, ensuring that NW (and SWNT) surfaces can be studied in pristine form; (ii) many measurements can be made quickly on the same sample, containing many NWs or SWNTs, by simply moving the capillary to a new location.
Even though of nanoscale dimensions, Au NWs were clearly visible using an optical microscope (due to a diffraction effect), and the microcapillary thus could be easily and quickly positioned over the NW, aided by a camera (Figure 4 ). A schematic of the experimental arrangement is shown in Figure 5 (a). Prior to the experiment, the microcapillary was filled with the solution of interest and a freshly chlorinated Ag wire served as a counter/reference electrode 25 and all further electrode potentials in MCEM measurements are quoted with respect to the chlorinated silver wire.
The contact (meniscus) radius (R m ) of the microcapillary was evaluated accurately by optical or electron microscopy from a salt residue footprint after voltammetric measurement, which has been shown to be an accurate method. 22 In general, R m was slightly larger than the microcapillary radius (R c ), which was also determined accurately by optical microscopy. The glass of the microcapillary never contacts the surface, thus avoiding any damage to the Au NWs. Furthermore, the ability to measure these electrochemical cell parameters, in addition to the NW size, with high precision allowed the construction of faithful models for the electrochemical response, with few adjustable parameters. for FcTMA +/2+ , indicating a slower rate of ET 30, 31 and the current on the back scan shows significant hysteresis. The latter is likely to be a consequence of the adsorption of products and/or the formation of Prussian blue 31, 32 during the course of the experimental measurement. Although Fe(CN) 6 4-/3-is used as a couple for investigating many electrode geometries, it is known to be a rather complex couple showing non-ideal redox behavior 30, 33 and such effects become very noticeable in these measurements due to the very high fluxes to the NW electrodes. 2) solution at a 70 nm Au NW electrode, at 100 mV s -1 , using a microcapillary with R c = 21 µm and R m = 24 µm. This is known to be an inner sphere redox process, 34 such that on a bare SWNT oxidation of HZ does not take place, 29 but is catalytically promoted through the use of various metal electrodes, including Au. 35 Interestingly, the CV shows a clear steady-state oxidation current, as a consequence of the irreversible nature of the ET reaction coupled with the effect of the diffusion profile in the tapered capillary ( Figure 5(a) ). Here, the E 1/2 value is ca. 190 mV more positive than values reported for Au NP functionalized SWNT network electrodes. Moreover, the calculated value of 145 mV for the diffusion-corrected Tafel slope for HZ oxidation on the Au NW is~55 mV greater than for both polycrystalline Au 35, 36 and Au NP functionalized SWNTs. 29 These differences indicate significant kinetic effects for HZ electrooxidation at the Au NW electrode as a consequence of the dramatically increased fluxes to the NW electrode.
A 3D finite element model was developed to simulate the CV current-voltage response for quasi-reversible ET kinetics at a cylindrical tube in the MCEM set-up under conditions of diffusiononly mass-transport. Briefly, the time-dependent diffusion of the reactant was solved within an approximation of the MCEM geometry with a cylinder representing the NW or SWNT. Two planes of symmetry were used to enhance the simulation efficiency. Simulations were employed to extract the heterogeneous electron transfer rate constant, k 0 , from the forward scan of the recorded CVs; we assume a symmetrical reaction pathway, hence α = 0.5 (SI-2).
The important geometric features are: R m , R c , the capillary cone semiangle (θ = 10 ± 2°, as measured with optical microscopy), and the NW height (representing the NW as a cylinder, lying on an inert substrate). The height, h, of the meniscus in contact with the surface was estimated from in situ optical images (e.g. Figure 4 ) using the camera and was typically 15 µm. Given that R m is only slightly larger than R c it was reasonable to approximate the shape of the meniscus as a straight boundary in all the simulations. Butler-Volmer (BV) kinetics were solved at the NW/SWNT surface to determine k 0 . A more detailed description of the COMSOL modeling can be found in SI-2. Voltammetry at individual SWNTs. Higher k 0 values can be discerned by moving to smaller diameter NWs. In these studies the smallest continuous Au NW produced using electrodeposition was ca. 35 nm. However, ultimately, we cannot produce a NW any smaller than the support SWNT itself and hence kinetic measurements were carried out on bare SWNTs using the redox couple FcTMA +/2 . Such studies are valuable for investigating the intrinsic ET activities of SWNT sidewalls. 39 Moreover, FcTMA + is oxidized in the potential range where semiconducting SWNTs are in the charge accumulation state and thus should behave in a very similar fashion to metallic SWNTs. 40 Hence it was not essential for us to isolate and identify SWNTs of a particular electronic property.
As the SWNTs could not be visualized under the optical microscope a quick and easy procedure was developed to enable positioning of the microcapillary over SWNTs. This involved forming a meniscus contact with the SiO 2 substrate in the proximity of the evaporated Au contact (typically 20-100 µm away from the contact) and applying a small driving potential, +0.25 V (ca. E 1/3 for the redox couple of interest) to the working electrode and monitoring the current -time response ( Figure 7) . The microcapillary was then moved laterally in the x direction, parallel to the gold contact over the sample bearing the SWNTs. In the region of the insulating SiO 2 there was no electrochemical current observed, but when the travelling microcapillary meniscus contacted the SWNT, the current increased as an electrochemical cell circuit was completed. The microcapillary tip was then adjusted to the position where the current was observed to be steady and at a maximum value, indicating the SWNT was fully in contact with solution from the end of the capillary and the microcapillary was centered over the SWNT. CVs were recorded in this position. It is evident from Figure 7 that the process of locating a SWNT and positioning the microcapillary can be accomplished in <1 minute. analyzed at disc-shaped NSEs 12 and at SWNT devices, 20 recent work indicates that double-layer effects can be significant for disc electrodes at nanoscale. 41 We are currently investigating the origin of this small deviation using ultra-high resolution electrochemical imaging techniques. 26 Ignoring such effects and examining the results of the simulations it is evident that k 0  10 cm s -1 can be readily resolved with this device geometry. Furthermore, the fit in Figure 8 defects would be~100 -4000 cm s -1 (minimum range), 39 which is unfeasibly high. Hence, these data are valuable in that the sidewall of the SWNT is active for outer-sphere redox electrochemistry. On the other hand as pointed out before, 39 we cannot rule out whether a SWNT sidewalls may exhibit some heterogeneity in reaction rates and this may also contribute to some deviation between the experiment and idealized theory that underpins our simulations.
CONCLUSIONS
We have demonstrated a simple approach to fabricate electrochemical cells with individual metallic NW and isolated SWNT working electrodes, using a microcapillary set-up (MCEM). The metal NWs are produced using a pulsed electrodeposition approach, where the number of pulses controls the height of the NW; this approach can be applied to any material which can be electrodeposited (e.g. metals, alloys, semiconductors and conductive polymers). The fabrication methodology employed herein dictates that the NWs and SWNTs are pristine and thus free from 
METHODS
SWNT synthesis: Horizontal millimeter-long SWNT arrays were grown on 1 cm  1 cm Si wafers ("chips"), with a 300 nm thick layer of SiO 2 , via CVD at 1000°C using methane (10 sccm) and hydrogen (5 sccm). 1/200 diluted aqueous ferritin solutions (Sigma Aldrich) were employed as the catalyst, 24 which were deposited, prior to growth, using a ferritin solution-filled capillary (inner diameter 0.69 cm) in a 'fountain-pen' manner by manually 'drawing' a catalyst line across the chip. A gold band (70 nm), with a chromium underlayer (2 nm), was evaporated onto the front face of the wafer (with a shadow mask) to provide electrical connection to the aligned SWNTs. Modelling: Finite element modeling was performed using the Comsol Multiphysics 4.1 package (Comsol AB, Sweden). More detailed information on simulation parameters can be found in SI-2.
Electrochemical experiments:
High-resolution microscopy: AFM (Bruker Nano Enviroscope AFM with a Nanoscope IV controller) and FE SPIP software (Image Metrology) was employed for image analysis Field emission-scanning electron microscopy (FE-SEM) images were acquired using a SUPRA 55 variable pressure system (Zeiss) at 1 kV to visualise the SWNTs and at 10 kV to image metal NWs. 
